Abstract: Tidal cracks are linear features that appear parallel to coastlines in fast ice regions due to the actions of periodic and non-periodic sea level oscillations. They can influence energy and heat exchange between the ocean, ice, and atmosphere, as well as human activities. In this paper, the LINE module of Geomatics 2015 software was used to automatically extract tidal cracks in fast ice regions near the Chinese Zhongshan Station in East Antarctica from Landsat-8 Operational Land Imager (OLI) data with resolutions of 15 m (panchromatic band 8) and 30 m (multispectral bands 1-7). The detected tidal cracks were determined based on matching between the output from the LINE module and manually-interpreted tidal cracks in OLI images. The ratio of the length of detected tidal cracks to the total length of interpreted cracks was used to evaluate the automated detection method. Results show that the vertical direction gradient is a better input to the LINE module than the top-of-atmosphere (TOA) reflectance input for estimating the presence of cracks, regardless of the examined resolution. Data with a resolution of 15 m also gives better results in crack detection than data with a resolution of 30 m. The statistics also show that, in the results from the 15-m-resolution data, the ratios in Band 8 performed best with values of the above-mentioned ratio of 50.92 and 31.38 percent using the vertical gradient and the TOA reflectance methods, respectively. On the other hand, in the results from the 30-m-resolution data, the ratios in Band 5 performed best with ratios of 47.43 and 17.8 percent using the same methods, respectively. This implies that Band 8 was better for tidal crack detection than the multispectral fusion data (Bands 1-7), and Band 5 with a resolution of 30 m was best among the multispectral data. The semi-automatic mapping of tidal cracks will improve the safety of vehicles travel in fast ice regimes.
Introduction
A crack is a form of fracture in the sea ice cover, manifested as an opening that exposes the underlying ocean to the atmosphere. The ocean water may freeze instantly if the temperature is cold enough. This discontinuity feature occurs during the breaking, rupturing, or thermal expansion (compression) of the ice cover [1] . Cracks can not only influence the growth and decay of sea ice, thus affecting the exchange of gas, energy, and heat at the ocean-ice-atmosphere interface [1] [2] [3] , but can also provide important habitats for marine mammals, such as Weddell seals [4, 5] and access to hunting grounds for penguins [6, 7] . Crack classifications have been summarized according to different characteristics, such as morphological indications, load applications affecting the ice cover, and genetic indications [1] . Tidal cracks are a type of crack, regardless of classification, and form in fast ice due to the actions of periodic and non-periodic sea level oscillations, which causes the ice surface to rise and fall and thus move apart and close, as ice is not known for its elastic properties. The cracks usually reoccur at the same location every year and are influenced by the bathymetry and tidal zone dynamics. They often appear parallel to the coastline as linear features [1, 8] . The width of a tidal crack can range from a few centimeters to 1 m, while the length can reach a few kilometers [8] . Tidal cracks are considered hazardous conditions for human activities when crossing them because of their unstable ice thickness on both sides [1, 9, 10] .
Tidal crack detection in fast ice has been studied in field surveys and remote sensing studies [9, 11] . During field surveys, a tidal crack's location, shape, length, and width, as well as the sea ice thickness, are often measured. The Chinese National Antarctic Research Expedition (CHINARE) has been conducting field surveys of tidal cracks in the fast ice near Zhongshan Station in East Antarctica every November since 1989, mainly to protect people/over ice vehicles from the danger posed by tidal cracks along transportation and resupply routes. In remote sensing data, tidal cracks could be identified using: (1) aerial photography [1] ; (2) one-day interferograms generated from the ERS satellites tandem mission data [12] ; and (3) visual analysis of image radar data (SAR data) [10] . Remote sensing images could use either one or both of the following criteria to identify the cracks: (1) their radiometric contrast against the surrounding ice; and (2) their distinct linear features. Linear feature extraction for roads, rivers, bridges, ridges, geological faults, and fractures in mountain crests using remotely sensed images has been conducted in numerous studies [13] . They employ one of three approaches: manual image interpretation, semi-automatic (computer-assisted) extraction, and automatic extraction, each of which has its own advantages [13] [14] [15] . One of the commonly used earth observation satellites in a wide range of applications is Landsat-8, which was successfully launched in February 2013 with its Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS). Up to this study the capability of OLI data for detection of tidal crack mapping has not yet been investigated.
The OLI sensor has spatial and spectral characteristics well suited for characterizing snow/ice and water, and it provides a good areal coverage (a swath width of 185 km and revisit period of 16 days) for sea ice monitoring. Here, we employed the automatic lineament extraction algorithm in Geomatica 2015 software (PCI Geomatics Inc., Markham, ON, Canada) to map tidal cracks in the fast ice near Zhongshan Station in East Antarctica in the early austral summer of 2013-2014. The purpose of the study was to investigate the capability of each band of OLI image to detect tidal cracks and length. The width of tidal cracks was not considered in this study since estimating this requires spatial resolution of remotely sensed data finer than the crack width (generally at least 0.2 m). It is anticipated that our findings will help research expeditions such as CHINARE to avoid risks while traveling on fast ice during the annual resupply of Antarctica stations, or during field activities to study the habitats of seals and penguins. (Figure 1 ). The first two stations operate all year, and the latter two stations currently only operate during the austral summer because of severe weather conditions. RV Xuelong, an icebreaker ice-strengthened to Class B1, is the only Chinese polar scientific research vessel. It was designed to break ice as thick as 1.1 m (including 0.2-m-thick snow) at 1.5 knots. Every year, RV Xuelong must traverse the pack ice in Prydz Bay (mostly fast ice) in East Antarctica and break through it to reach Zhongshan Station for resupply and staff transfer in late November or early December. In general, the shortest route through fast ice that RV Xuelong must cross to reach Zhongshan Station in early summer is approximately 10 km. Tidal cracks often appear in fast ice, posing dangers to snow vehicles/snowmobiles along the travel route for resupply from RV Xuelong to Zhongshan Station. The study area is the fast ice region near Zhongshan Station in Antarctica ( Figure 1 ). Fast ice is adjacent to coasts, islands, or grounded icebergs and characterized as motionless unless, for example, it breaks by strong winds [16] . Its spatiotemporal patterns differ significantly and can extend from a few hundred meters to a few tens of kilometers (although it can reach up to 200 km) [17, 18] . The extent of the fast ice near Zhongshan Station can be more than 20 km in November, and the maximum ice thickness can reach 1.74 m [19] . The bathymetry near Zhongshan Station is highly undulated, which can result in icebergs grounding offshore from Zhongshan Station. Both icebergs with different sizes and shapes and the nearby islands off Zhongshan Station allow fast ice to easily form, and tidal cracks are often observed.
CHINARE and Study Area

Data Set and Pre-Processing
OLI data acquired on 30 November 2014 covering a fast ice region off Zhongshan Station was utilized to detect tidal cracks ( Figure 2 ). The data were freely downloaded in GeoTIFF format from the U.S. Geological Survey (USGS) website. Images were geometrically and radiometrically corrected and projected in the WGS1984/Antarctic Polar Stereographic Projection. The spectral bands of the OLI sensor are given in Table 1 . In this study, multi-spectral bands in the visible/near-infrared (VNIR) and shortwave infrared (SWIR) spectral bands (Bands 1-7) with a spatial resolution of 30 m, as well as the panchromatic band (Band 8) with a spatial resolution of 15 m, were used for tidal crack detection. The geographic accuracy for OLI data is about 12 m (according to Landsat-8 data products descriptions), which is less than one pixel. The OLI data was processed into top-of-atmosphere (TOA) reflectance according to the Landsat 8 Product specification. To obtain multispectral bands with a resolution of 15 m, the Gram-Schmidt spectral sharpening (GS) method [20] was employed for data The study area is the fast ice region near Zhongshan Station in Antarctica (Figure 1 ). Fast ice is adjacent to coasts, islands, or grounded icebergs and characterized as motionless unless, for example, it breaks by strong winds [16] . Its spatiotemporal patterns differ significantly and can extend from a few hundred meters to a few tens of kilometers (although it can reach up to 200 km) [17, 18] . The extent of the fast ice near Zhongshan Station can be more than 20 km in November, and the maximum ice thickness can reach 1.74 m [19] . The bathymetry near Zhongshan Station is highly undulated, which can result in icebergs grounding offshore from Zhongshan Station. Both icebergs with different sizes and shapes and the nearby islands off Zhongshan Station allow fast ice to easily form, and tidal cracks are often observed.
OLI data acquired on 30 November 2014 covering a fast ice region off Zhongshan Station was utilized to detect tidal cracks (Figure 2 ). The data were freely downloaded in GeoTIFF format from the U.S. Geological Survey (USGS) website. Images were geometrically and radiometrically corrected and projected in the WGS1984/Antarctic Polar Stereographic Projection. The spectral bands of the OLI sensor are given in Table 1 . In this study, multi-spectral bands in the visible/near-infrared (VNIR) and shortwave infrared (SWIR) spectral bands (Bands 1-7) with a spatial resolution of 30 m, as well as the panchromatic band (Band 8) with a spatial resolution of 15 m, were used for tidal crack detection. The geographic accuracy for OLI data is about 12 m (according to Landsat-8 data products descriptions), which is less than one pixel. The OLI data was processed into top-of-atmosphere (TOA) reflectance according to the Landsat 8 Product specification. To obtain multispectral bands with a resolution of 15 m, the Gram-Schmidt spectral sharpening (GS) method [20] The vertical direction gradient data were obtained from the filtered results of OLI data by Sobel vertical direction operator with 3 × 3 windows [21] . A gradient image represents the change in the pixel values in a given direction. Its most common use is in edge detection. In a gradient image, pixels with the largest gradient values identify edge pixels where the edge can be traced in the direction perpendicular to the gradient direction. In the current study, we found that most tidal cracks are parallel to the coastline in an east-west direction. This is almost parallel to the orientation of the image swath, so the vertical direction gradient data were used as the input image to detect tidal cracks.
Visual extraction of tidal cracks was also implemented using available TOA reflectance and its gradient in the imagery data. Analysis was performed by sea ice experts at Beijing Normal University. In situ measurements were also conducted by wintering personnel of the 30th CHINARE on 30 and 31 October 2014 to identify and validate cracks. The measurements included snow depth, sea ice * TIRS bands are acquired at a resolution of 100 m but are resampled to 30 m in the delivered data product.
The vertical direction gradient data were obtained from the filtered results of OLI data by Sobel vertical direction operator with 3ˆ3 windows [21] . A gradient image represents the change in the pixel values in a given direction. Its most common use is in edge detection. In a gradient image, pixels with the largest gradient values identify edge pixels where the edge can be traced in the direction perpendicular to the gradient direction. In the current study, we found that most tidal cracks are parallel to the coastline in an east-west direction. This is almost parallel to the orientation of the image swath, so the vertical direction gradient data were used as the input image to detect tidal cracks.
Visual extraction of tidal cracks was also implemented using available TOA reflectance and its gradient in the imagery data. Analysis was performed by sea ice experts at Beijing Normal University. In situ measurements were also conducted by wintering personnel of the 30th CHINARE on 30 and 31 October 2014 to identify and validate cracks. The measurements included snow depth, sea ice thickness, crack points location (longitude and latitude), and the approximate length of each crack. Snow depth was measured by a stainless ruler with an accuracy of 0.1 cm, and sea ice thickness was measured by a special gage with an accuracy of 0.1 cm in holes drilled by a Kovacs ice auger (5 cm in diameter). Six tidal cracks with a width of 0.3-1.45 m were obtained from field observations, and 39 tidal cracks were identified from OLI data. The GPS measurements of the six tidal cracks could well coincide with those in the OLI image. Both sets (visually-interpreted cracks from the images and field-observed cracks) were used to evaluate the results from the semi-automatic mapping technique. Tidal prediction data for Zhongshan Station were obtained from the Australian Bureau of Meteorology for the analysis of the influence on the widths of tidal cracks.
Method
Manual Detection of Tidal Cracks in the Images
Tidal cracks were detected manually in each one of the two OLI imagery data sets-the 15-and 30-m-resolution sets. The process involved manual interpretation of the images yet supported by field observations. It should be noted that narrow cracks may not be readily visible in the images since the resolution of the imagery data is coarser than the crack width. For this reason, field observations are used to confirm identification of those cracks which can hardly be seen in the image. Eventually, all cracks were identified manually in the images. Figure 2 is a false color OLI image (RGB assigned to bands 4, 3 and 2) at 30-m resolution, representing fast ice in the Prydz Bay. Manually detected tidal cracks are overlaid (blue lines). Two buffers were established using ArcGIS 10.0 software (ESRI In, Redlands, CA, USA); one included the detected crack pixels in the 15-m-resolution images and the other included the pixels in the 30-m-resolution images. In order to tolerate errors in the geo-location of the pixels, each buffer was enlarged to accommodate 3 pixels surrounding each detected pixel. Hence, the first and the second buffers tolerated errors within a width of 45 and 90 m, respectively.
The Automatic Lineament Extraction Algorithm
An edge in an image represents a sharp local change in the image intensity, usually associated with a discontinuity (or equivalently high first derivative of the image intensity). Its shape usually depends on the geometrical and optical properties of the object, the illumination conditions, and the noise level in the images [22] . Tidal cracks can be considered edges because the seawater or the refrozen (new) ice within the crack can induce a difference in the spectral reflectance or backscatter density compared to the surrounding fast ice. This is how a tidal crack can be visually or automatically identified in remote sensing images even as at a subpixel level, albeit with inherent uncertainties.
Previous studies have demonstrated good results in mapping linear discontinuities from satellite images [23] [24] [25] [26] . The automatic lineament extraction algorithm in Geomatica 2015 software, integrated in the LINE module, was used in this study. The algorithm employs the Canny method [27] , which is one of the most sucessful methods for edge detection. Its success can be attributed to its performance according to three criteria of excellent detection: low error rate, good localization, and single response to an edge. The Canny algorithm has proven to detect edges under almost all scenarios compared to the Prewitt, Sobel, and LOG (Laplacian of Gaussian) algorithms [28] .
There are three processing stages in the LINE module: edge detection, thresholding, and curve extraction. In the first stage, the Canny edge detection algorithm is applied to produce an edge strength image, including smoothing the input image with a Gaussian filter function, computing the gradient filtered image, and suppressing the pixels whose gradients are not the local maximum (by setting the edge strength to 0). In the second stage, a threshold on edge strength is set to obtain a binary image. Each non-zero pixel in the binary image represents an edge element. In the third stage, curves are extracted from the binary edge image. This step consists of several sub-steps. Initially, a thinning algorithm is applied to the binary edge image to produce pixel-wide skeleton curves. Next, a sequence of pixels for each curve is extracted from the image. Any curve with a number of pixels less than a given threshold for curve length is discarded from further processing. The extracted curve is then converted to vector form by fitting piecewise line segments to it. The resulting polyline is an approximation of the original curve, where the maximum fitting error is specified by the line fitting error. Finally, the algorithm links pairs of polylines that satisfy the following criteria: (1) that end segments of the two polylines face each other and have similar orientations (the angle between the two segments is less than the threshold for angular difference); and (2) that end segments are close to each other (the distance between the end points is less than the threshold for linking distance).
The OLI data are first scaled down to 8-bit data from 16-bit using a minimum-maximum linear contrast stretch and then masked using a coastline and rock dataset from the Scientific Committee on Antarctic Research (SCAR) Antarctic Digital Database (ADD) (http://www.add.scar.org/), leaving the fast ice region, open ocean and pack ice as the input image for tidal crack detection. Both TOA reflectance data and vertical direction (90 degrees) gradient data from Bands 1-8 with resolutions of 15 m, and the TOA reflectance data and vertical direction gradient data from Bands 1-7 with resolutions of 30 m are processed using the LINE module.
The parameters in the LINE module are same for all input data. The filter radius value is 3 pixels (a large value can result in less noise but much less detail detected), while the edge gradient value is also 3 pixels (a large value can create sparse pixels in the edge image influencing the subsequent lineament extraction process). The curve length threshold is 3 pixels and the angular difference threshold is 75 degrees (the value defines the maximum angle between two vectors that can be linked to form an edge segment). The threshold of the linking distance between edge segments is 3 pixels (the value specifies the maximum distance between two vectors for them to be linked). All parameters except for the angular difference threshold are suitable to obtain enough details about the edge, and the angular difference threshold set to be as 75 degree is to obtain longer detected line segments.
Automated Tidal Crack Identification and Detection
In the manually interpreted image in Figure 2 , only three tidal cracks are found to be shorter than 500 m, and more than two-thirds of the detected cracks are longer than 1000 m. Therefore, in this study, detected lines with lengths greater than 500 m are used for tidal crack identification. The steps of the automated tidal crack detection proceed as follows. An overlay analysis is conducted between the detected lines output from the LINE module and the buffer data (including the manually extracted cracks). A topology check is then carried out between the two sets. A detected line should be accepted as a tidal crack if its length is >500 m and extends parallel to or overlaying the manually interpreted tidal cracks. The latter condition means that the points lie within the buffer pointed out in Section 4.1 (i.e., being within 3 pixels from the manually extracted crack). When more than one line is found in the same location, the longest line is retained. The performance of the automated detection technique is evaluated by comparing the number, maximum length, and total length of detected lines against the results from the manually interpreted lines. This was done for both data sets (15 m and 30-m resolution) and for data from each spectral band.
Results
Input Data with a Spatial Resolution of 15 m a. TOA Reflectance Data as Input Images
The line segments extracted using data from each OLI band with a resolution of 15 m are illustrated in Figure 3 . The data are sorted by the length of the line. The number of detected segments is different using different bands, which suggests that the capability of line detection is different between bands. The number of lines generated from using Bands 6 or 7 is remarkably less than the number from using any other band. The figure shows fewer line segments in the center and edge zones from these two bands. The statistics of the numbers of detected lines is presented in Table 2 The lines detected in Band 4 with lengths greater than 500 m were mapped (Figure 4) . Comparisons between detected lines and manually interpreted tidal cracks were carried out, and the detected lines with lengths greater than 1000 m, except for those located at the edges, are tidal cracks. Only one tidal crack (No. 6 in Figure 2 ) was observed in the field. A small portion of the detected lines with lengths The lines detected in Band 4 with lengths greater than 500 m were mapped (Figure 4 ). Comparisons between detected lines and manually interpreted tidal cracks were carried out, and the detected lines with lengths greater than 1000 m, except for those located at the edges, are tidal cracks. Only one tidal crack (No. 6 in Figure 2 ) was observed in the field. A small portion of the detected lines with lengths ranging from 500 to 1000 m are tidal cracks. The tidal cracks with lengths from 500 to 1000 m and greater than 1000 m were combined to make a complete tidal crack set (Figures 2 and 4) . ranging from 500 to 1000 m are tidal cracks. The tidal cracks with lengths from 500 to 1000 m and greater than 1000 m were combined to make a complete tidal crack set (Figures 2 and 4) . Comparisons between the detected lines with lengths greater than 1000 m, and the manually interpreted results have been performed. The statistics of the detected tidal cracks in each band were also calculated (Table 3) . Only 3 and 4 tidal cracks were extracted from Bands 6 and 7, respectively, and the longest line in Band 6 was 1700 m, approximately 26.8% of the longest line in Band 5, from which the longest line is 6344 m. Bands 6 and 7 are not as capable of reproducing tidal cracks as the other bands. The longest detected tidal cracks from Bands 1 and 3 average around 4.5 km, and those from Bands 4-5 and Band 8 are in the range of 6.1-6.3 km. In addition, the total tidal crack lengths detected in Bands 1-2 and Band 5 are approximately 27 km, and those in Bands 3-4 and Band 8 are in the range of 31-33 km. In Table 3 , the ratio of the length of detected tidal cracks to the total length of interpreted tidal cracks in the vertical direction gradient data is much higher than that in TOA reflectance images, and the ratios in Band 8 performed best with about 50.92 and 31.38 percent in the vertical direction gradient data and TOA reflectance images, respectively. Comparisons of the number, maximum, total lengths of the detected tidal cracks, and the percentage of total length indicated that Band 8 performed the best in tidal crack detection, followed by Bands 4, 3, 1, 2 and 5, whereas Bands 6 and 7 cannot be used for tidal crack detections. Comparisons between the detected lines with lengths greater than 1000 m, and the manually interpreted results have been performed. The statistics of the detected tidal cracks in each band were also calculated (Table 3) . Only 3 and 4 tidal cracks were extracted from Bands 6 and 7, respectively, and the longest line in Band 6 was 1700 m, approximately 26.8% of the longest line in Band 5, from which the longest line is 6344 m. Bands 6 and 7 are not as capable of reproducing tidal cracks as the other bands. The longest detected tidal cracks from Bands 1 and 3 average around 4.5 km, and those from Bands 4-5 and Band 8 are in the range of 6.1-6.3 km. In addition, the total tidal crack lengths detected in Bands 1-2 and Band 5 are approximately 27 km, and those in Bands 3-4 and Band 8 are in the range of 31-33 km. In Table 3 , the ratio of the length of detected tidal cracks to the total length of interpreted tidal cracks in the vertical direction gradient data is much higher than that in TOA reflectance images, and the ratios in Band 8 performed best with about 50.92 and 31.38 percent in the vertical direction gradient data and TOA reflectance images, respectively. Comparisons of the number, maximum, total lengths of the detected tidal cracks, and the percentage of total length indicated that Band 8 performed the best in tidal crack detection, followed by Bands 4, 3, 1, 2 and 5, whereas Bands 6 and 7 cannot be used for tidal crack detections. 
b. Vertical Direction Gradient Data as Input Images
The line segments extracted with the input of the vertical direction gradient data to the LINE module are presented in Figure 5 for the 15-m-resolution data. The detected lines cannot be easily discerned because the module produced too many detected lines (or rather pixels). There are fewer line segments in Bands 6 and 7 than in the other 6 bands (the ratio is 67%-84%). Table 4 presents the number of detected line segments with different lengths. Band 8 detects the largest number of segments (399,642), especially of segments >300 m in length (4009). Bands 2-5 detected maximum number of segments with lengths greater than 400, 500 or 1000 m. Given this observation, it can be concluded that the largest number of detected lines from using Band 8 mostly include noise rather than detected cracks. The detected line segments with lengths greater than 300 m were mapped in Figure 6 . According to Figures 4-6 and Tables 3 and 4 the vast majority of detected line segments are shorter than 300 m, accounting for at least 98.8% of the total number of detected lines. This adds "noise" to tidal crack detection. 
The line segments extracted with the input of the vertical direction gradient data to the LINE module are presented in Figure 5 for the 15-m-resolution data. The detected lines cannot be easily discerned because the module produced too many detected lines (or rather pixels). There are fewer line segments in Bands 6 and 7 than in the other 6 bands (the ratio is 67%-84%). Table 4 presents the number of detected line segments with different lengths. Band 8 detects the largest number of segments (399,642), especially of segments >300 m in length (4009). Bands 2-5 detected maximum number of segments with lengths greater than 400, 500 or 1000 m. Given this observation, it can be concluded that the largest number of detected lines from using Band 8 mostly include noise rather than detected cracks. The detected line segments with lengths greater than 300 m were mapped in Figure 6 . According to Tables 3 and 4 , the vast majority of detected line segments are shorter than 300 m, accounting for at least 98.8% of the total number of detected lines. This adds "noise" to tidal crack detection. As shown in Table 3 , only 6 and 10 tidal cracks with lengths greater than 1000 m were detected in Bands 6 and 7, respectively. These numbers are much lower than those in the other bands. The total lengths of the tidal cracks with lengths greater than 1000 m in Bands 6 and 7 are approximately 1.3 km and 1.8 km, respectively, which accounted for only approximately 24.6% (Table 3 -13186/53642) and 33.8% (Table 3- As shown in Table 3 , only 6 and 10 tidal cracks with lengths greater than 1000 m were detected in Bands 6 and 7, respectively. These numbers are much lower than those in the other bands. The total lengths of the tidal cracks with lengths greater than 1000 m in Bands 6 and 7 are approximately 1.3 km and 1.8 km, respectively, which accounted for only approximately 24.6% (Table 3 -13186/53642) and 33.8% (Table 3- The vertical gradient data do not only detect more lines, but those are also longer than lines identified in the TOA reflectance data. Comparisons of the number, the maximum, and total detected crack lengths between bands indicate that Band 8 performs the best in tidal crack detection, followed by Bands 3, 5, 4, 2, and 1, while Bands 6 and 7 are not suitable for tidal crack detection.
Input Data with a Spatial Resolution of 30 m
The results from the data with a resolution of 15 and 30 m are similar. The statistics of the detected lines for the 30-m resolution are presented in Tables 5 and 6 using the two sets of input data as shown. In the TOA reflectance data results, Bands 3-5 have almost the same line detection capabilities as Bands 1-2. In the vertical direction gradient data results, Band 5 detected the most lines, followed by Band 4 and Bands 1-3. When using the vertical direction gradient data with a resolution of 30 m, Bands 6-7 detect approximately the same number of lines as Bands 1-5; the line detection performances of Bands 6-7 improved compared with the results calculated using the data with a resolution of 15 m (Tables 4 and 6 ). Table 7 shows that the fewest tidal cracks longer 1000 m were detected in Bands 6-7 in both the TOA and vertical direction gradient data. Bands 4 and 5 performed the best, followed by Bands 2-3 and Band 1. In Table 7 , the ratio of the length of detected tidal cracks to the total length of interpreted tidal cracks in the vertical direction gradient data is at least 2.5 times higher than that in TOA reflectance images, and the ratios in Band 5 performed best with about 47.43 and 17.8 percent in the vertical direction gradient data and TOA reflectance images, respectively. In Bands 6-7, many of the detected lines with lengths greater than 500 m are part of the fast ice region boundary, which cannot be used for tidal crack detection. This was also observed in the other bands. For instance, results using Band 4 data with a resolution of 30 m detects many boundary edges (Figure 4 ). This behavior can be considered an impact of image resampling from a resolution of 15 m to a resolution of 30 m, and the boundary of the fast ice region could be easily detected. 
Validation Analysis
The process of assigning detected lines to be tidal cracks has been stated in the Method section. The visually interpreted tidal cracks are an integral long line (manually drawn). In the LINE module, the input parameters are smaller (3 pixels), which provides more details and identifies more tidal cracks than what is found in the visual identification. Tidal cracks detected by the LINE module may be short and discontinued segments. Statistics of detected tidal cracks with lengths greater than 500 m are given in Table 8 . A comparison of detected tidal cracks against those from field measurements is given in Table 9 . The number of detected tidal cracks using vertical direction gradient data is more than that using the TOA reflectance images (Table 8) , and the number in the 15-m-resolution data is more than that in the 30-m-resolution data. The maximum number of detected tidal cracks from the 15 and 30-m-resolution data is found in bands 8 and 5, respectively. Table 9 . List of detected tidal cracks (by numerical labels in Figure 2 ) with lengths greater than 500 m generated by matching detected lines with field observations. The number of detected tidal cracks is different in Tables 8 and 9 . Although Band 8 in the results from the 15-m-resolution data and Band 5 in the results from the 30-m-resolution data offer the best results, other bands such as Band 1 and 3 in the 15-m-resolution data also demonstrate the same number as in Band 8. Tidal cracks labeled 4-6 are detected by most bands, and tidal cracks labeled 1-2 are seldom detected by most bands. This may be related to differences of spectral information between bands.
Discussion
In the results obtained from 15-m-resolution Bands 1-8, the number of detected line segments from using the vertical direction is higher than the number from using the TOA data by a factor ranging between 4.11 and 5.78. The number of lines longer than 300 m in the results from using the vertical gradient are at least twice the number from using the TOA data (at most 3.25 times), and the number of lines with lengths greater than 1000 m is at least equal that from the TOA data (at most 1.65 times). A greater number of line segments can increase the likelihood of tidal crack detection (Tables 2 and 4 ). When tidal cracks are greater than 1000 m, the capabilities of the vertical direction gradient data are much better than those of the TOA data, not only in terms of the detected number but also in the total length (Table 3) . It can be found in Table 3 that Band 5 has the most improved performance due to the gradient operator, with an 85% increase in number and 82.6% increase in total length. The maximum length of a single tidal crack detected using the vertical direction gradient data in Bands 1-3 increased by 16.5%-37.1% compared to the TOA data but decreased in Bands 4-5 and 8, especially in Band 4, which decreased in length by 21%. This means that the vertical direction gradient data detect more of the actual tidal cracks that are confirmed from the visual analysis of the images.
The shapes and lengths of the tidal cracks detected using the vertical direction gradient data are better than those detected using the TOA data. Figure 4 shows that the tidal cracks detected using the TOA data are portions of the manually-interpreted tidal cracks. On the other hand, some are complete in the vertical direction gradient results. This proves once again that the tidal crack detection capabilities of the vertical direction gradient data are much better than those of the TOA data, in spite of the greater noise level (line segments less than 300 m) and computational time cost (it took 3 min and 10 s to process the vertical direction gradient and TOA data, respectively). Tables 5-7 show that, when using the data with a resolution of 30 m, the line detection capability and tidal crack detection capability of the vertical direction gradient data are much better than those of the TOA data.
Tidal cracks could be detected using OLI data with resolutions of 15 m and 30 m, but the results are different. As shown in Tables 2 and 4 Tables 5 and 6 the lines detected using the data with a resolution of 15 m are 3.9-4.5 times longer than those detected using the data with a resolution of 30 m. However, only 68.4%-74.4% as many lines with lengths greater than 300 m were detected using the TOA data with a resolution of 15 m compared with the TOA data with a resolution of 30 m, and only 45.9%-60.8% as many lines were detected using the vertical direction gradient data with a resolution of 15 m compared with a resolution of 30 m. However, the data with a resolution of 15 m had better performance for the detection of tidal cracks than the data with a resolution of 30 m (Tables 3  and 7 ). For the tidal cracks detected using the TOA data with a resolution of 15 m, the number and total length are both more than 50% of the values detected using the data with a resolution of 30 m. In the tidal cracks detected using the vertical direction gradient data with a resolution of 15 m, the number and total length are also better than those detected using the data with a resolution of 30 m. More importantly, the detected tidal cracks are more complete when using the data with a resolution of 15 m than 30 m (Figure 4 ).
There is a significant level of noise in the results, which is related to the large number of icebergs with textures and shadows in the study area. Icebergs in this region are mostly calved from the Dalk Glacier and Flatnes Ice Tongue east of Zhongshan Station, which are often grounded there because of the bathymetric features. The "noise" in the line detection results is due to the different shapes, textures, and shadows of the icebergs. There may be much less "noise" in the line detection results if new approaches are developed to reduce the strong noise. Tidal cracks between icebergs or islands could not be well detected because there is too much noise, and there are small cracks that are short and narrow. At the same time, the smoothness of the fast ice also has a large influence on tidal crack identification. The surface of fast ice is usually smooth, but here there are many icebergs in the study area. This results in smooth to rough textures in the satellite images. Rough texture can be a manifestation of noise, which will influence tidal crack identification during line detection.
The tidal crack width can be strongly influenced by daily and monthly tidal stages (tidal zone dynamics). Predictions of tidal elevations for Zhongshan Station from the Australian Bureau of Meteorology indicated that there was a neap tide on 30 November 2014, and spring tides occurred on 25-26 November and 8-9 December 2014. In the study area, neap tides have a weak influence on the widths of tidal cracks. Typical tidal crack width in winter is remarkably narrower than the OLI resolution, which means that the tidal crack edge information is not sufficient for identification. Tidal cracks are wider in the spring, which makes it more conductive to identification in satellite images.
Tidal cracks can be identified using satellite images with high spatial resolutions (less than 1 m), such as QuickBird, Ikonos, and Worldview-1 [9] . What about satellite images with medium-coarse spatial resolution data? There are two conditions that must be considered for satellite images to identify tidal cracks: The first is a spatial resolution that allows for the detection of the narrowest tidal cracks, and the second is a swath that covers a wide enough area. This will facilitate the generation of statistics over large areas. This study has demonstrated that images with resolutions of 30 m can be used to identify tidal cracks. If the satellite images have coarse spatial resolutions (greater than 30 m) the success of the results will be rather limited.
Conclusions
In this study, tidal cracks in the fast ice region near Zhongshan Station in East Antarctica were semi-automatically extracted using the LINE module of Geomatics 2015 software with input from Landsat-8 OLI data with resolutions of 15 and 30 m. The module identifies linear edges. The length of the line is used as a condition to identify tidal cracks while the match with crack lines identified in the images and verified in field observations constitutes another important condition. A comparison of results from using the TOA reflectance data and vertical direction gradient of the images was conducted. Results indicated that the ratio of the length of detected tidal cracks to the total length of interpreted tidal cracks in the vertical direction gradient data is much higher than that in TOA reflectance images with the same resolution, and the ratio in data with a resolution of 15 m is much higher than that in data with a resolution of 30 m. The statistics also showed that, in the results from 15-m data, the ratios in Band 8 performed best with about 50.92 and 31.38 percent when using the vertical direction gradient data and TOA reflectance images, respectively, and in the results from the 30-m-resolution data, the ratios in Band 5 performed best with about 47.43 and 17.8 percent in the vertical direction gradient data and TOA reflectance images, respectively. There was noise in the results related to the presence of icebergs in this region. There are a large number of icebergs with textures and shadows in the region influencing the data processing by the algorithm. Therefore, in combination with manual steps, the semi-automatic mapping of tidal cracks has been achieved using the LINE module based on the Canny algorithm. This study supports efforts of field investigations of marine mammals and hunting destinations, and provides methods for the identification of hazardous regions along travel routes in fast ice regions. data and to the Australian Bureau of Meteorology for providing tide prediction data. We would like to thank the anonymous reviewers for their valuable comments. Author Contributions: F.H. conceived and designed the experiments, and wrote the manuscript; X.L., T.Z. and Y.L. processed and analyzed the data; J.Z collected field data and discussed the results; M.S. and P.H. investigated the results and revised the manuscript; S.L. and X.C. investigated the results, revised the manuscript and supervised this study.
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